Chennai is one of the most water-stressed cities in south India due to rapid industrialization and urbanization. The well fields located in north and south of the Chennai city meet part of the city's water requirement. The south Chennai aquifer is surrounded by saline surface water on all sides. Since 1990, the influence of seawater in to this freshwater aquifer has been reported as an issue for consideration and mitigation measures. Therefore, in the present study an attempt is made to comprehend the status of aquifer with present level of pumping/recharge and to predict the behavior with different hydrologic stresses. Numerical modeling was carried out by finite element approach using FEFLOW software. The model has been developed with three subsurface layers and simulation was processed from January 1998 to December 2020. The groundwater usage had varied from 11.3 MLD to 17.2 MLD during the period of study. If the recharge and discharge continue in a similar pattern, the maximum level of freshwater decline will be 0.32 m at the end of 2020. Hence, prediction of behavior of this aquifer for increased discharge and decreased recharge scenario has been carried out. It is found that with an increase of discharge, there is a sharp change in interface of seawater and freshwater. This model can be used as a tool to understand the aquifer regionally and to plan proper groundwater management measures.
Introduction
Groundwater quality depends on land use practice, climatic conditions and pollution free sources among several * Corresponding author.
other factors. About 25% of total population of India is inhabited along coastal regions [1] . Even though groundwater potential is high in unconsolidated formation along the coastal zones, seawater intrusion occurs due to heavy population and industrialization resulted in more pumping of groundwater than recharge [2] [3] . South India experiences wet and dry climatic condition and highest level of urbanization, which leads to the increase in groundwater pumping. Seawater intrusion is reported in various places along the coastal aquifers of South India. Chennai is the 31st largest urban area in the world and one of the fast growing metropolitan cities located along the coast of southern India.
Chennai is one of the water-stressed cities and groundwater plays a major role in contribution of water supply to the city needs. The wells located in North and South of Chennai city contribute around 14% of groundwater supply to the Chennai city needs in 2010 [4] . The South Chennai coastal aquifer contributes only 4% of total groundwater supply and faces seawater intrusion problem since 1990's. In this context, state authorities reduced pumping to 3.4 MLD from maximum of 9 MLD [5] . In order to understand the behavior of coastal aquifer system in South Chennai, various studies have been carried out with respect to quality of groundwater, fluctuation of groundwater level etc. by [6] - [11] . The authors [12] identified the recharge characteristics and pumping pattern of the aquifer by groundwater modeling. However, due to increased land use changes (from scrubland/open land to residential sparse) and climatic variability, it is necessary to predict the long term behavior of aquifer to various hydrological stresses. Hence, a study has been carried out in South Chennai aquifer, with reference to change in recharge and discharge characteristics. The results obtained from this work may assist for the sustainable developments and to take precaution measures.
Materials and Methodology

Study Area
The geographic location of the present study area is tropical wet and dry zone from longitude of 80˚14'5.698"E to 80˚16'37.251"E and from latitude of 80˚14'5.698"N to 80˚14'5.698"N. The total study area is 35 sq. km, which is surrounded by saline surface water on all four sides (Figure 1) . It is bounded by the Adyar River in North, the Muttukadu estuary in south, the Bay of Bengal in east and the Buckingham canal in the West. The maximum elevation is 12 m above MSL towards the north and the minimum is 0 MSL. The central part of the area is elevated along N-S stretch with gentle slope towards east and west. The ground slope varies from 0.61% to 10.42% and holds groundwater table as mound. The geomorphologic features are controlled by erosion and depositional regimes. The landforms comprise of terraces, different levels of rising tract of surface due to tidal effect, oscillation in sea level and action of wind which forms a series of levels with gentle slope on both the sides. The aquifer comprises of coastal alluvial deposits of Quaternary and Recent unconsolidated sediments and followed by charnockites of Archean age. The unconsolidated sediments comprises of medium, fine and coarse sand, clay, sandy clay, clayey sand, gravels and pebbles.
The western part of the study area which is bounded by the Buckingham canal is dominated by clay and sandy clay, whereas the eastern part is dominated by sand of various sizes [9] [10] . The Adyar River carries flow throughout the year with an average of 89.43 Million Cubic Meter per Year [13] . The quality of water in Adyar River is not suitable for any purpose due to mixing of domestic and industrial effluents. The Buckingham Canal (western boundary) which was originally established for navigation is presently not in use [14] . Both Adyar River and Buckingham canal serves as flood moderators especially during the monsoon (wet) period. Muttukadu estuary in the south also has saline water with high organic content [15] .
Data Collection and Model Development
Thematic maps were collected from the Geological Survey of India (GSI) and the Institute of Remote Sensing (IRS). The data collected include toposheet, Aster Digital Elevation Model (Aster DEM), land use and land cover, soil, geomorphology and geology. The properties of aquifer such as hydraulic conductivity, specific yield, transmissivity, rate of recharge and discharge and long term data of groundwater level fluctuation were collected from the Central Groundwater Board (CGWB), Public Works Department (PWD) and from previous research works in the area [12] every three months. The groundwater level was measured using groundwater level indicator. The minimum and maximum depths of the investigated wells are 3 m and 18.43 m respectively. All the investigated wells penetrate the unconsolidated formation (sand, sandy clay and clayey sand). Based on the problem, code selection has been made to comprehend the aquifer status. Hence, to consider an accurate boundary along water body, to get sound approximation and quality, finite element approach [17] was utilized using FEFLOW-FMH3D software. FEFLOW is a version of the modular finite element simulation system for modeling 2D and 3D flow, mass and heat transport. It is capable of considering both saturated and unsaturated conditions. The pre-and post-processor was handled for graphical representation and analysis of the output.
The model has been developed by taking in to account the highly potential groundwater bearing formations, such as unconsolidated formations. Thickness of this unconsolidated aquifer varies from 6 m to 15 m which is determined by the availability of thirty borehole logs [11] . Due to unattainable depth to hard rock details in many borehole logs, the vertical electrical sounding was done in order to identify the distribution of thickness of the aquifer. The aquifer has been conceptualized into a three-dimensional model with three layers namely sand in the top, followed by sandy clay and clayey sand in the bottom (Figure 2 ). The total area was discretized in to elements and constant head boundary condition was assigned on all sides. Aquifer parameters, which include hydraulic conductivity and specific yield, were assigned to each layer. Due to the presence of clay along the western boundary, large variation in the property of aquifer was observed. A specific yield of 0.05 was assigned along the western boundary where clay was present, 0.14 was assigned where clay was dominant with sand, 0.18 was assigned where sand was dominant with clay and 0.26 was assigned where sand was present. Hydraulic conductivity varied from 6 md −1 to 30 md
. The aquifer is free of surface water bodies such as lake, pond etc., but bounded by surface water on all the sides. Hence rainfall is the main source of groundwater recharge. The recharge was used as per suggested range by previous publications. The groundwater discharge estimation for present condition was done using the measured data including groundwater level and aquifer parameter and from the simulated model results. During model prediction from June 2010 to December 2020, the recharge was assigned from past 10 years of monthly average rainfall.
The simulation was carried out from January 1998 to December 2020. The parameter estimation was done in steady state calibration with groundwater level in 19 well locations [12] (Figure 1) . The estimated parameters from the steady state calibration were used as the initial condition for transient state calibration, which was carried out with time dependent recharge and discharge rates. The pumping of groundwater was assigned based on the previous report, land use and land cover pattern. Transient state calibration was done for 84 time steps from January 1998 to December 2004 in monthly interval. Validation has been carried out until from January 2005 to May 2010 and prediction was done till December 2020.
Result and Discussion
Hydrogeological Condition
The groundwater table is present under unconfined condition and it appears as mound and follows the trend of the topography. The maximum elevation of groundwater level was 5 m above MSL in the southern part of the area during February 2009 (Figure 3 ). This was due to high rainfall (867.2 mm of rainfall in NE monsoon) compared to the five set of monsoon in 2008-2010. The fluctuation of groundwater was analyzed from long term available groundwater level data of eight wells. The maximum range of groundwater level was recorded to 2.95 m. above MSL.
Present Condition of Seawater Influence
The spatial variation of electrical conductivity (EC) ranged between 130 µS•cm −1 to 5237 µS•cm −1 in the groundwater samples. The electrical conductivity increases from center stretch towards the east and west. In most of the locations, the measurement of EC shows an increasing trend with respect to depth (Figure 4) . The comparison of depth and EC values at various distances from canal to sea (locations between canal and sea) ex- 
Model Calibration
The values of aquifer parameters like hydraulic conductivity and specific yield were collected from literatures and adjusted up to ±10% to obtain more realistic aquifer parameters by comparing observed groundwater level. The horizontal hydraulic conductivity used for steady state calibration varies between 6 md −1 to 30 md −1 . One tenth of horizontal hydraulic conductivity is used as vertical hydraulic conductivity. The specific yield value varies from 0.05 to 0.26. The steady state calibration was resulted with an accuracy of 0.8387 (Figure 6) . The difference between observed and computed groundwater levels varies from 0.2 m to 1.3 m. This variation might be due to local variations in topographical elevation over short distances.
The fluctuation of groundwater level obtained from the eight long term monitoring wells have been utilized for the purpose of transient state calibration. During transient state calibration, the estimated parameters from steady state calibration were modified within the permissible limit (±10%). Calibration of model in transient state flow condition was done by trial and error method and obtained good match between the computed and observed groundwater levels over space and time. The initial input values and the modified values of hydraulic conductivity and specific yield during calibration are presented in Table 1 . During transient state calibration, the maximum difference between observed and calibrated groundwater level is 1.1 m and this is observed in well No.3 (Figure 7) .
Groundwater Recharge and Discharge
The previous author [5] suggested that 15% to 45% of rainfall infiltrates into the aquifer. Based on this, 15% of rainfall is used as recharge along the western boundary where clay is present. In the sandy area, 45% of rainfall is used as recharge. The groundwater extraction from this aquifer is mostly for domestic purpose. The groundwater discharge estimation was done from the field studies and from the simulated model results. The estimated groundwater abstraction in various seasons such as transition period (January to May), south west monsoon (June to September) and north east monsoon (October to December) are shown in Figure 8 . The discharge of groundwater is usually higher in the transition period compared to the north east monsoon when the rainfall is high. The discharge of groundwater varied from around 9 MLD to 18 MLD from 1998 to 2007. During the period of study (August 2008 to May 2010) the groundwater discharge varied from 11.3 MLD to 17.2 MLD.
Validation
The validation of groundwater level was carried out for 65 stress periods in monthly intervals from January 2005 to May 2010. The temporal variation of observed and computed groundwater level for the period of validation until December 2007 is shown in Figure 7 . The continuation of validation of groundwater level until May 2010 was done with groundwater level measurement during the period of study (Figure 9) . The spatial variation of observed and validated level is shown in Figure 10 .
Prediction
The hydrological stresses such as increased pumping rate due to rapid urbanization and decreased recharge rate due to monsoon failure causes groundwater level decline. Recently, the failure of seasonal rainfall has forced the aquifer into critical condition. To understand the behavior of this aquifer in near future the model was run with present level of pumping and recharge rate and in various scenarios of different hydrological stresses such as increasing and decreasing the pumping and recharge rate respectively.
Prediction with Present Scenario
After validating the groundwater model, the model was run for a period of 126 months (10 1 
Prediction with Varying Rate of Groundwater Recharge and Discharge
Due to urbanization, settlements are rapidly increasing during the recent past. Comparison of land use and land cover map prepared for the year 2004, 2008 and 2012 indicate increase in settlement area. Due to this, the pumping rate is expected to increase whereas the quantum of rainfall recharge is decreasing, which may lead to the groundwater level decline. Subsequently seawater intrusion may occur. Hence, in order to understand this effect, the model developed was used to predict the effect of changes in recharge and discharge. The model was run by increasing the discharge by 5% and 10% and decreasing the recharge by 5% and 10% from the present discharge and recharge rates respectively. The results are summarized in the Table 2 . Increasing 5% and 10% discharge scenarios are described below. In the 5% increased discharge scenario the discharge rate was increased as 11.9 MLD to 18.1 MLD (present discharge rate ( (Figure 12) . By comparing the results obtained from the entire scenario, it was noticed that the northern part of the area is more sensitive to recharge and discharge condition. Urbanization plays a major role in controlling the groundwater level fluctuation and the seawater intrusion into the aquifer. Figure 12 . Prediction with reduced recharge rate.
Conclusion
Numerical simulation and prediction of groundwater level in coastal aquifer of South Chennai in India, has been carried out. The hydrologic condition of the study area of groundwater abstraction is high in dry period and low during the period of north east monsoon when rainfall is high. The abstraction of groundwater varied from 8.7 MLD to 18.1 MLD from 1998 to 2007. However, from August 2008 to May 2010 the groundwater discharge varied from 11.3 MLD to 17.2 MLD. It indicates that the discharge rate is comparatively less than the recent past. But still if the recharge and discharge continues in the same trend the maximum decline in groundwater level will be 0.32m at the end of 2020. The maximum of reduction in aquifer storage of groundwater is up to 1,019,200 m 3 , it may further increase seawater intrusion up to 12 m in to the land. Comparison of land use and land cover map from 2004 to 2012 indicates the rise in settlements which may impose high pumping rate. Increase in discharge by 5% results to a maximum decline of groundwater level by 0.60 m with maximum increase of seawater intrusion up to 25 m in land at the end of the year 2020. Increase in discharge by 10%, the groundwater level will decline up to 1 m. If the recharge rate is lowered by 10% from the normal suggested rainfall recharge range, the groundwater level lowers below the sea level. Thus the model was used to understand the expected changes in groundwater level under different hydrological stresses.
